Protective ultra-thin barrier lms gather increasing economic interest for controlling permeation and diusion from the biological surrounding in implanted sensor and electronic devices in future medicine. Thus, the aim of this work was the investigation of the lm thickness inuence on the gas permeation barrier of ultra-thin, cytocompatible tetrahedral amorphous carbon (ta-C:H) lms on polyimide (PI) foils. Plasma-activated chemical vapor deposition (direct deposition from an ion source) was applied to deposit these diamond-like carbon lms. The results indicate high barrier to hydrogen gas permeation by all lm thicknesses (<0.2% H2 permeation compared to uncoated PI). While the thickness of the ta-C:H layers has minor inuence, the number of layers, realized by one-or double-side deposition strongly impacts the barrier eect. Finally, tests under tensile stresses showed minor impact in the elasto-plastic deformation regime, but the expected strong increase of gas permeation after exceeding the tensile strength and lm fracture.
Introduction
Finding materials with both high biocompatibility (cytocompatibility, hemocompatibility, etc.) and low or controllable gas permeation is a great challenge for using microelectronics and microuidics in in vivo sensors. Microelectronic devices are generally based on a large number of materials for electronics and printed circuit boards, including ceramics and polymers for chip and resistor housings, metal and semiconductors for the chip itself, metals (Al, Ni-Au, Pd-Au, Cu, Pd-Cu, etc.) for circuit paths, ber reinforced epoxy binders, polyimide and polyurethane foils for dielectrics and various glues. Only a few of them are biocompatible, as shown in tests with hippocampus cells by Mazzuferi et al. [1] . Thus, dense packaging for any in vivo use is essential to prevent permeation/diusion of body uids into the electronic components. This saves the electronics from biological uids as well as the tissue from any (corrosion) contaminants from the electronics.
Packaging by metal or polymer housings is state-ofthe-art, but limited in miniaturization.
Coatings are alternatives to such robust housings, but they must prove their applicability both for biocompatibility and for long-term permeation and corrosion protection. In recent years, polymers like polydimethylsiloxane, parylene-C and polymethyl methacrylate have been applied on silicon based devices due to easy manufacturing, sufciently high mechanical properties and bio-inertness.
However, their barrier properties are limited, as shown for parylene-C in contact with blood [2] . Polyelectrolyte * corresponding author; e-mail:
wolfgang.waldhauser@joanneum.at layers are generally robust, but possess no long-term stability [3, 4] . Plasmapolymer layers, deposited from hydrocarbon, silicon and titanium containing organic compounds or monomers like tetraglyme, are generally free of pin-holes and possess good barrier properties. Their adhesion to microelectronic substrate materials is high [5] .
Inorganic thin lms based on SiO 2 and SiN are frequently used as permeation protective coatings for microelectronic and microuidic devices due to their bioinert behavior, missing cytotoxicity and high barrier effect [6] . Other well-known vacuum coating materials, deposited by physical and chemical vapor deposition (PVD, CVD) are platinum, gold, titanium oxide and other ceramics like aluminum oxide and oxynitride [7] . Further improvements in gas barrier are provided by multilayered lm structures based on inorganic and organic layers [8] .
Ultra-thin and dense lms can be grown by atomic layer deposition (e.g. hybridized carbon atoms and, mostly, hydrogen (a-C:H).
The cytotoxicity of DLC materials is generally very low with no in vitro eects on mouse macrophages, humanbroblasts, monocytes, osteoblasts [10] even under in vivo conditions in subcutaneous, bone and muscle tissue in guinea pig, sheep and rat models).
Minimizing defects and achieving high density DLC lms, which is critical for high gas barrier [11] requires the application of deposition techniques with low rates as well as gaseous carbon sources and low gas pressures. Direct deposition from high energetic, but nearly neutralized plasma of ion sources is one of these techniques, where highly pure gaseous precursors (e.g. methane, ethyne)
are introduced into high vacuum and ionized by the discharge in an ion source on either direct or indirect path by excited inert gas atoms. While industrially widely-used end-Hall sources provide dense plasma with high particle ux, but low energy, the comparatively new, easily linear-upscaleable anode layer ion source (ALS) technology produces low ux, high energetic plasma [12] . We investigated hydrogenated tetrahedral amorphous carbon lms (ta-C:H), which contain mainly sp 3 hyridized carbon atoms, from ALS direct deposition in the past on their mechanical [12] as well as cytotoxic behavior [13] and found nanohardness values between 24 and 36 GPa as well as reduced elastic modulus between 140 and 180 GPa, depending on the deposition parameters (especially the discharge voltage), as well as no cytotoxic eects in vitro. In contrast, these ta-C:H lms boost the broblast cell growth in comparison to reference glass substrates.
The goal of this work is the study of the lm thickness inuence on the gas permeation as well as the description of the impact of tensile stresses on gas permeation.
Experimental

Polymer substrates and thin lm deposition
The deposition of the coatings was performed by vacuum coating equipment at Joanneum Research (for a detailed description see [14] ). Before deposition, we cleaned the polyimide (PI) substrates (25 µm thickness, DuPont, Vespel ) with isopropanol and dried them in vacuum.
After removing any dust particle in nitrogen ow and mounting the substrates parallel to the surface of the deposition source in ∼100 mm distance, we pumped the vacuum chamber down to at least 4 × 10 Nano-pores are due to the intrinsic lm structure (e.g.
intercolumnar diusion in crystalline lms, low packing density in amorphous lms) [18] . Due a general much higher density of nano-pores over the whole coated area in comparison to micro-pores, the permeation is mainly dependent on gas transport along the nano-pores [11] . Because of the very dierent elastic modulus of thin lms and the PI substrates, diering by the factor ∼80, small elastic deformations of the substrate leads to high stresses in the thin lms. Reasonably, the ta-C:H lm cracks along lines perpendicular to the straining direction (compare to nding in [19] ), which was found in own tensile straining on polyurethanes too [20] . A similar eect of thin lm fracture by drastically higher stress level inuences the increase of permeability at elevated temperatures, as found in Fig. 1 : The thermal expansion of polyimide is about 10 times higher than that of ta-C:H, which results in biaxial elastoplastic deformation of the lms (including wrinkling phenomena and wave formation of the compound) and fracture.
However, if the deformation of the PI is only elastic, unloading or temperature decrease will fully close all cracks, impeding their investigation. The investigation of the inuence of this crack closing on the gas permeation will be the topic of the ongoing research. 
